The total cross section for p-d breakup is studied in terms of the elastic S-matrix through the unitary condition. Calculations using the complex (1973). The calculations are found to be in reasonable agreement with these old data, though a discrepancy is observed near the deuteron breakup threshold. Moreover, a detailed analysis of the contributions to the observable from different partial waves has been performed. Unexpectedly, the main contribution for a wide range of energies has been detected in the J = 3/2 − state.
1
Studies in the three-nucleon (3N) continuum are based mainly in N-d scattering experiments. The deuteron is the only existing bound state in the two-nucleon (2N) system with a binding energy B d = 2.225 MeV. Therefore, for incident nucleon energies below 3.337 MeV, or incident deuteron energies below 6.675 MeV, there are no open channels (disregarding the very low probability for radiative capture or bremsstrahlung) and the reaction goes through the elastic channel. Accordingly the elastic scattering matrix, the S-matrix, is unitary.
For energies above the deuteron breakup threshold (DBT) three free nucleons are present in the outgoing channel. For example, in p-d scattering a free neutron can be observed only above the DBT (neutron production) whereas for the n-d reaction the observation of a free proton is only possible above the DBT. The elastic S-matrix is no longer unitary and the missing flux in the elastic channel is related to the total breakup cross section.
The total breakup cross section accounts for all possible configurations of the three free outgoing particles and its expression is given for example in Ref. [1] in terms of the T -matrix elements connecting the elastic channels to the inelastic ones:
The index α labels the elastic channels while β runs over all possible configurations of the three outgoing nucleons. In addition k 2 = 2μ h 2 E 0 , where µ is the reduced nucleon-deuteron mass, E 0 is the center of mass energy, and I 1 (I 2 ) is the spin of the incident particle (target).
For each state with total angular momentum J the flux conservation in channel α imposes the unitary condition
Experimental measurements of the total breakup cross section σ b are scarce and have been performed many years ago with limited accuracy. For the n-d system an indirect determination is possible through the subtraction of the total elastic cross section σ el (n − d) from the total nuclear cross section σ tot (n − d). Existing σ el (n − d) data lack the desired accuracy producing a large uncertainty in σ b (n − d), particularly at low energies [2] . Direct 2 measurements of σ b (n − d) have also been done more than 20 years ago [3] . The interest at that time was to produce data for comparison with the first theoretical attempts to solve the 3N continuum using semi-realistic N-N potentials. These early potential models gave a qualitative description of the data but the uncertainties of ∼ 10% were too large to make definitive conclusions. The present status of this observable is briefly given in Ref. [4] (see page 184) where modern theoretical predictions are compared to the data. The calculations in Ref. [4] have been performed by solving the Faddeev equations in momentum space using different realistic potential models. The discrepancies observed at low energies have been attributed to the low quality of the data. In fact, since the total and elastic cross sections are well described by theory there is no reason to expect a discrepancy in the total breakup cross section. On the other hand, since the the total, elastic, and breakup cross section are the application of the PHH expansion is given in Ref. [9] . In Ref. [7] it was shown that the method reproduces the benchmarks of Ref. [11] for n-d scattering whereas in Ref. [8] the elastic cross section and polarization observables have been calculated for n-d and p-d scattering at nucleon energies of 5 and 10 MeV using realistic potentials. In the later case the applications to n-d scattering have been shown to be in close agreement to those given by the Bochum-Cracow group [4] .
Applications to describe p-d scattering above the DBT are of particular interest due to the historical difficulties to manage the distortion introduced by the Coulomb force in the asymptotic region. In this context, observables sensitive to the long-range Coulomb interaction give an unique opportunity to test techniques devised to take into account such distortion. The p-d total breakup cross section is a well suited observable to make comparisons. The existing amount of data, though small, is sufficient to extract conclusion about the capability of the PHH technique to describe the charged 3N system above threshold.
Moreover, as we shall see, it will be possible to evaluate the need for new and higher-precision (1) can be given in the more compact form:
where I J is the 3 × 3 identity matrix excepts for J = 1/2 ± which is the 2 × 2 identity matrix.
Eq.(3) gives σ b in terms of the elastic matrix elements at fixed J, the sum runs over all possible values of J and parity (the sum over different parities is understood). Although the sum runs from J = 0 to infinity there is a rapid convergence due to the fact that each In the present paper we present calculations of σ b (N − d) based on the PHH technique.
Thorough details of the method are given in Refs. [7] [8] [9] and only a brief discussion will be presented. The starting point in the present calculations is the Kohn variational principle in complex form, which states that the functional
is stationary with respect to the trial parameters in the three-nucleon scattering wave function. For an incident state with relative angular momentum L, spin S and total angular momentum J it is
and its complex conjugate is Ψ − LSJ . The first term, Ψ C , describes the system when the three-nucleons are close to each other and, asymptotically, an outgoing three-particle state.
Each amplitude Ψ C (x i , y i ), where x i , y i are the Jacobi coordinates corresponding to the i-th permutation, has total angular momentum JJ z and total isospin T T z and it is decomposed into channels labelled by angular-spin-isospin quantum numbers (β-channels). The remaining two-dimensional amplitude is expanded in terms of the PHH basis
where the hyperspherical variables are defined by the relations x i = ρ cos φ i and y i = ρ sin φ i , f β (x i ) is a pair correlation function and 
6 For energies above the DBT the hyperradial functions u β K (ρ) in Eq. (6) should describe an outgoing wave distorted by the Coulomb interaction between the two protons. Accordingly, for ρ → ∞, the hyperradial functions behaves as
where Q 2 = ME/h 2 , with M the nucleon mass, E is the total energy (E = We have studied the convergence of the quantity A J in terms of the partial wave channels used in the decomposition of the wave function for each J ± state. Examples of the convergence can be found in Ref. [9] . The accuracy of the results given here is estimated to be better than 1%. The calculations have been done with the Argonne v 18 (AV18) interaction [12] and in some cases the three-nucleon force (3NF) of Urbana (UR) [13] has been included for the study of the sensitivity to 3NF's.
In Fig. 2 Differences between theory and experiment are observed around 4 MeV and below. These discrepancies could originate from an incomplete treatment of the electromagnetic interaction. In fact, the calculations included the Coulomb interaction but not other small electromagnetic parts of the interaction such as the vacuum polarization or the magnetic moment potentials. On the other hand systematic errors in the measurements are not unlikely -a new set of measurements will be highly desirable.
In Fig. 3 phase-shift [14] . In this case we are referring to energies below the DBT where the phaseshifts are real but we can expect sensitivity to 3NF's also in the imaginary parts above the DBT. The results given in Fig. 3 show a reduction of σ b of the order or 3%-4% when the AV18+UR interaction is used. The inclusion of the 3NF increases the binding energy of the three-nucleon system, and accordingly the inelasticity of the J = 1/2 + state is reduced, diminishing the total breakup cross section.
Finally we want to discuss the contribution of the different states to the total breakup cross section. Each state contributes to σ b an amount equal to (2J + 1)A J . In Fig. 4 we plot this quantity up to J = 9/2 ± . It is interesting to note that above 6 MeV the state J = 3/2 − gives by far the main contribution to the observable. This state has the optimum combination of a large A J value coming mainly from 2 P 3/2 and the spin degeneracy 2J+1 = 4. The contributions calculated using the AV18+UR potential are also given (dotted line). As it was expected the J = 1/2 + contribution is principal below 6 MeV and, more important, is the only one below 4 MeV.
The reduced numbers of parameters in description of σ b at low energy is of particular interest. At 4 and 5 MeV a complete set of p-d vector and tensor analyzing powers as well as p-d differential cross section have been measured [15, 16] . These high-precision data can be used to perform a single-energy PSA in which some of the phases must be allowed to be complex. From the above analysis it is clear that only few phases or mixing parameters have sizable imaginary parts. In addition, the inclusion of σ b in the data base will impose further restrictions on the imaginary parts.
PSA is extremely useful for performing comparisons between theory and experiment.
Discrepancies at the level of observables can be traced back to single phases or mixing parameters which in turn are directly related to specific parts of the interaction. Above the DBT phases and mixing parameters are complex doubling the number of variables in the search procedure. Old PSA's encountered difficulties finding a precise determination of the real and imaginary parts of the phases and mixing parameters [17] . The high-precision p-d data obtained through the past years allowed for a better determination of the parameters through single energy PSA [14, 18] . These analyses were limited to energies below the DBT.
The study of the breakup cross section in terms of partial waves will be helpful when PSA's are extended to higher energies. In this light it would be particularly useful to perform 
